Introduction {#Sec1}
============

Currently, hepatocellular carcinoma (HCC) patients can be effectively treated with various modalities, i.e., surgical resection, transcatheter arterial embolization (TAE) and infusion chemotherapy (TAI), percutaneous ethanol injection (PEI) and microwave coagulation (PMC), and radiofrequency ablation (RFA) \[[@CR16]\]. However, these treatment modalities are often unsuitable for patients with severe cirrhosis because of the potential risk of liver failure or bleeding; furthermore, their prognosis is poor due to severe cirrhosis \[[@CR8]\]. Therefore, HCC patients with severe cirrhosis are usually treated with palliative or supportive care \[[@CR3]\].

At our institute, University of Tsukuba, Japan, proton beams have been employed in treatment for a variety of malignancies including HCC since 1983 \[[@CR4], [@CR11], [@CR19], [@CR30]\]. Proton beam irradiation yields theoretically excellent dose localization to the target due to sharp distal fall-off of the Bragg peak compared with photon irradiation, and consequently can reduce the irradiated volume and dose given to the hepatic parenchyma and digestive tract for HCC patients, while increasing the dose to the tumor \[[@CR12], [@CR21], [@CR26], [@CR28]\]. Table 1Patient and tumor characteristics. HBV:hepatitis B virus; HCV: hepatitis C virus; AFP: α-fetoprotein.Total number of patients19Gender• Male14• Female5Age (years)• Range51--69• Median61Performance status• 01• 110• 28Etiology of cirrhosis• HBV1• HCV16• Alcohol2Child-Pugh score• 104• 112• 128• 133• 142Number of tumors• Solitary14• Multiple5Tumor size (mm)• Range25--80• Median40Serum AFP value (ng/ml)• Range2--12,539• Median93

We present herein the treatment results of proton beam therapy for HCC patients with severe cirrhosis.

Patients and Methods {#Sec2}
====================

Patients {#Sec3}
--------

Between November 1990 and January 2000, 197 HCC patients received proton beam therapy. Of these patients, 19 had severe cirrhosis categorized as Child-Pugh class C at the initiation of proton beam therapy \[[@CR25]\]. All patients were inoperable, and TAE and TAI were contraindicated due to the potential risk of liver failure. PEI, PMC and RFA were unfeasible because of bleeding tendency, large-sized tumors, or unfavorable tumor location. There were no other available treatment modalities for these patients. Exclusion criteria for proton beam therapy included extrahepatic metastasis, diffusely infiltrated tumor, and poor general condition of the Eastern Cooperative Oncology Group (ECOG) performance status ≥3 \[[@CR23]\].

HCCs were diagnosed histopathologically by biopsy in eight patients, and clinically by medical imaging; contrast-enhanced computed tomography (CT) or magnetic resonance imaging (MRI), and elevated serum α-fetoprotein (AFP) values in eleven patients. None had regional lymph node enlargement or distant metastasis. 14 and five patients were diagnosed clinically as stage I (T1 N0 M0) and stage II (T2 N0 M0), respectively, based on the TNM classification defined by the International Union Against Cancer (UICC), at the time of proton beam irradiation \[[@CR27]\].

Patient and tumor characteristics are summarized in Table [1](#Tab1){ref-type="table"}. Written informed consent was obtained from all patients before initiation of proton beam therapy.

Proton Beam Therapy {#Sec4}
-------------------

Metallic fiducial markers for proton beam therapy were implanted percutaneously into the hepatic parenchyma beside the tumors. Treatment planning for proton beam therapy was based on CT images at 5-mm intervals in the treatment position. Clinical target volume (CTV) was defined as gross tumor volume plus 5-mm margin. Planning target volume, which included CTV with 5-mm margin, was homogeneously set at the 100% dose level by utilizing the spread-out Bragg peak (SOBP) of proton beams (Figure [1](#Fig1){ref-type="fig"}). Multiple hepatic tumors, which were observed in five patients, were entirely included within the target volume. Figure 1Isodose distribution with the anterior and right lateral proton beams in a hepatocellular carcinoma patient with severe cirrhosis. Each isodose line corresponds to 90%, 50%, 30%, and 10% dose levels from the inside out, respectively. The critical organs such as the spinal cord and the digestive tracts are located entirely outside the irradiated volume due to sharp distal fall-off of the Bragg peak of proton beams.

Proton beams generated by a booster synchrotron of the High Energy Accelerator Research Organization were degraded to ≤ 250 MeV for clinical use. The beams synchronized with respiration were delivered through the horizontal or vertical port for treatment. Respiratory gating was controlled by means of a strain gauge (Kyowa Electronic Instruments, Tokyo, Japan) attached to the abdominal surface of the patients, so that proton beams were delivered to the tumors in expiratory phase when the tumor position was considered to be most stable and reproducible \[[@CR13], [@CR22]\]. For each treatment session, the positional relationship between the center of the target and the fiducial markers was examined, with the patients lying in the treatment position, by the fluoroscopy unit attached to the treatment unit.

Fraction size was 3--5 Gy daily, 3--5 days per week; total doses were 50--84 Gy (median 72 Gy) in ten to 24 fractions (median 16). A relative biological effectiveness value of 1.0 was utilized in accordance with data obtained from fibrosarcoma NFSa cells \[[@CR2]\]. Evaluation by doses of 2 Gy per fraction-equivalent calculated using a linear-quadratic model with α/β ratios of 10 and 3 for early and late responding tissues revealed total doses equivalent to 63--95 Gy (median 87 Gy) and 79--109 Gy (median 107 Gy), respectively \[[@CR31]\].

Follow-up Procedure and Evaluation Criteria {#Sec5}
-------------------------------------------

The patients had serum AFP value measurements and abdominal imaging studies (CT or MRI) approximately 1 and 2 months after completion of proton beam therapy, respectively, and then were followed at intervals of 1--3 months. Local responses to proton beam therapy were classified according to the World Health Organization (WHO) response evaluation criteria \[[@CR20]\]. No growth of the irradiated tumors was defined as progression-free.

Acute and late toxicities associated with treatment were evaluated with RTOG acute radiation morbidity scoring criteria and RTOG/EORTC late radiation morbidity scoring scheme, respectively \[[@CR5]\].

Statistical Analysis {#Sec6}
--------------------

The actuarial survival rates and the progression- and disease-free rates were calculated according to the Kaplan-Meier method \[[@CR14]\]. The prognostic factors for survival were evaluated by the log-rank test \[[@CR1]\]. The changes of variables in blood tests were examined by the paired t-test. p \< 0.05 was considered statistically significant. All statistical analyses were performed using the statistical software SPSS 11.0J (SPSS Inc., Chicago, IL, USA).

Results {#Sec7}
=======

Tumor Control and Failure Patterns {#Sec8}
----------------------------------

Tumor responses were complete response (CR) in nine patients, partial response (PR) in three, no change (NC) in six, and progressive disease (PD) in one. The objective response (CR and PR) rate was 63%. The pre- and posttreatment CT images of a patient are shown in Figure [2](#Fig2){ref-type="fig"}. Consequently, all but one of irradiated tumors were controlled at the median follow-up period of 17 months (range, 3--63 months) after treatment; the progression-free rate was 91%. AFP values of 14 patients which had shown high levels of 30--12,539 ng/ml (median 145 ng/ml) beyond the upper normal limit of 20 ng/ml before irradiation decreased to 1--2,141 ng/ml (median 19 ng/ml), to normal range in seven patients, after irradiation. Figures 2a and 2bContrast-enhanced CT in arterial phase of a hepatocellular carcinoma patient with severe cirrhosis. a) Just before initiation of proton beam therapy. Arrowheads represent position of the hepatic tumor enhanced inhomogeneously. b) 7 months after completion of proton beam therapy. The marked reduction of the tumor volume is demonstrated. The intrahepatic high-density region corresponds to an implanted metallic fiducial marker.

Ten patients had new hepatic tumors outside the irradiated volume 4--30 months after treatment. None had distant metastases. Of the ten patients with recurrence, two (patients \# 1 and 2) received second courses of proton beam therapy and all recurrent tumors were controlled after reirradiation. For the remaining eight patients, radical treatment was considered contraindicated due to further deteriorated cirrhosis.

The disease-free rates were 51% at 1 year and 31% at 2 years (Figure [3](#Fig3){ref-type="fig"}). The summaries of all patients divided into two groups according to survival time (over or within 1 year) are shown in Tables [2](#Tab2){ref-type="table"} and [3](#Tab3){ref-type="table"}. Table 2Summary of ten hepatocellular carcinoma patients with severe cirrhosis who survived for \> 1 year after proton beam therapy. CR: complete response; F: female; HBV: hepatitis B virus; HCV: hepatitis C virus; ICH: intracranial hemorrhage; IOIV: inside and outside of the irradiated volume; M: male; NED: no evidence of disease; OIV: outside of the irradiated volume; PD: progressive disease; PR: partial response; PS: performance status.Patient \#Age (years)/genderPSEtiology of cirrhosisChild-Pugh scoreNumber of tumorsTumor size (mm)Total dose (Gy/fractions)Tumor responsePattern of failureFollow-up (months) and status167/M1HCV10Solitary5084/24CRLiver (OIV)63, dead of trauma254/M1HCV10Multiple2584/24CRLiver (OIV)56, dead of cancer368/M2HCV13Solitary3572.5/19CRNone42, dead of liver failure466/F0Alcohol12Solitary3072/16CRLiver (OIV)37, dead of cancer563/F2HCV12Solitary6067.5/15PRLiver (OIV)17, dead of cancer660/F1HCV11Solitary4072/16CRLiver (OIV)57, dead of ICH752/M2HCV14Solitary3550/10PDLiver (OIV)19, dead of liver failure859/M1HCV10Solitary3572/16CRLiver (OIV)32, dead of cancer966/M1HCV11Solitary3072/16CRLiver (OIV)45, dead of liver failure1053/M1HCV12Solitary3550/10CRNone33, alive with NEDTable 3Summary of nine hepatocellular carcinoma patients with severe cirrhosis who died within 1 year after proton beam therapy. CR: complete response; F: female; HBV: hepatitis B virus; HCV: hepatitis C virus; ICH: intracranial hemorrhage; IP: interstitial pneumonitis; M: male; NC: no change; OIV: outside of the irradiated volume; PR: partial response; PS: performance status.Patient \#Age (years)/genderPSEtiology of cirrhosisChild-Pugh scoreNumber of tumorsTumor size (mm)Total dose (Gy/fractions)Tumor responsePattern of failureFollow-up (months) and status1160/M2HCV12Multiple4577/22CRNone4, dead of ICH1262/M1HBV13Solitary3684/24NCNone5, dead of liver failure1357/M2HCV10Solitary8064/15NCNone3, dead of IP1462/M1HCV12Multiple5572/18PRNone10, dead of liver failure1562/M2HCV12Solitary3068.8/16PRLiver (OIV)6, dead of cancer1658/F1Alcohol12Solitary4068/14NCLiver (OIV)6, dead of cancer1769/M2HCV14Multiple4172/16NCNone5, dead of liver failure1866/M1HCV13Solitary5772/16NCNone12, dead of liver failure1961/F2HCV12Multiple5566/22NCNone6, dead of liver failureFigure 3Progression-free and disease-free rates of 19 hepatocellular carcinoma patients with severe cirrhosis treated with proton beams.

Pre- and Posttreatment Liver Function {#Sec9}
-------------------------------------

Pre- and posttreatment (1 month after treatment) mean ± standard deviation (SD) values of serum albumin and total bilirubin, prothrombin activity, and platelets, and those during treatment in all patients are summarized in Table [4](#Tab4){ref-type="table"}. Although the mean value of total bilirubin increased and that of platelets decreased transiently during treatment, in comparison with each pretreatment mean value, there were no significant differences between the pre- and posttreatment mean values (Figure [4](#Fig4){ref-type="fig"}). Table 4Mean values ± SD in serum albumin, total bilirubin, prothrombin activity, and platelets before, during and at 1 month after proton beam therapy. SD: standard deviation.VariableBefore treatment Mean ± SDDuring treatment^a^After treatmentAlbumin (g/dl)2.7 ± 0.32.6 ± 0.33.0 ± 0.6Total bilirubin (mg/dl)2.8 ± 1.13.6 ± 1.53.3 ± 1.5Prothrombin activity (%)58.0 ± 13.855.1 ± 9.456.8 ± 10.0Platelets (× 10^4^/μl)6.9 ± 3.24.9 ± 1.56.2 ± 2.2^a^ mean ± SD of minimum values in albumin, prothrombin activity and platelets and of maximum values in total bilirubin for individualsFigures 4a to 4dPretreatment (Pre), maximum (Max) or minimum (Min) during treatment, and posttreatment (Post) mean values ± SD of a) serum albumin, b) total bilirubin, c) prothrombin activity, and d) platelets. NS: not significant.

There was no deterioration in Child-Pugh score, but rather an improvement in 14 patients.

Survival and Prognostic Factors {#Sec10}
-------------------------------

Of 19 patients, six and eight died of cancer 6--56 months and liver failure 5--45 months after treatment, respectively. Of the remaining five patients, four died of intercurrent diseases (n = 2 intracranial hemorrhage, n = 1 trauma, and n = 1 interstitial pneumonitis due to coexisting pulmonary fibrosis) and another was alive with no evidence of disease 33 months after treatment. The progression-free survival rates were 47% at 1 year and 42% at 2 years, and the median progression-free survival time was 12 months (Figure [5](#Fig5){ref-type="fig"}). The overall survival rates were 53% and 42% at 1 and 2 years, respectively, and the median overall survival time was 17 months (Figure [6](#Fig6){ref-type="fig"}). Figure 5Progression-free survival of 19 hepatocellular carcinoma patients with severe cirrhosis treated with proton beams.Figure 6Overall survival of 19 hepatocellular carcinoma patients with severe cirrhosis treated with proton beams.

Performance status and Child-Pugh score were significant prognostic factors for survival (Table [5](#Tab5){ref-type="table"}). Table 5Results of Kaplan-Meier estimate and univariate analysis of prognostic factors for survival. AFP: α-fetoprotein.Prognostic factorPatients (n)Overall survival rates (%)p-value1 year2 yearsGender• Male1450430.976• Female56040Age (years)• \< 61967560.544• ≥ 61104030Performance status• 0--11164640.014• 283813Child-Pugh score• 10--11683830.015• 12--14133823Number of tumors• Solitary1464500.234• Multiple52020Tumor size (mm)• \< 40978670561• ≥ 40103020Serum AFP value (ng/ml)• \< 93956440.522• ≥ 93105040Irradiated dose (α/β = 10, Gy)• \< 87944220.162• ≥ 87106060

Toxicity {#Sec11}
--------

Acute reactions of grade 2 or less occurred in six patients (Table [6](#Tab6){ref-type="table"}). These toxicities were transient and easily manageable and caused no interruption of the treatment.

No late toxicities associated with the treatment were observed.

Discussion {#Sec12}
==========

Although the clinical significance of treatment for HCC in patients with severe cirrhosis is still unknown, it is currently believed that radical treatment for HCC hardly ever contributes to prolonging survival of the patients. This hypothesis is based on the poor prognosis of severe cirrhosis itself. However, according to some reports the prognosis of severe cirrhotic patients has recently improved due to advanced treatments for liver dysfunction or esophageal varices. Planas et al. reported that the 1-year survival rate in Child-Pugh class C cirrhotic patients was 75% and some patients survived for \> 5 years \[[@CR24]\].

On the other hand, the median survival time of HCC patients with Child-Pugh class C cirrhosis treated only with supportive care was 3--9 months and all such patients died within 3 years \[[@CR3], [@CR17], [@CR18]\]. These data suggest that the control of HCC may result in improvement of prognosis even for patients with severe cirrhosis. However, surgical resection is generally unfeasible because of the high risk of liver failure or bleeding \[[@CR6], [@CR9]\]. Aggressive transcatheter arterial chemoembolization (TACE) resulted in the death of 25% of Child-Pugh class C cirrhotic patients due to fatal complications including gastroduodenal bleeding within 1 month after treatment \[[@CR18]\]. PEI may be one of the most feasible modalities for small HCC with favorable tumor location. Nevertheless, the overall survival rates were 40--81% at 1 year and none survived for \> 2 years. Furthermore, severe and fatal complications such as hemoperitoneum, hepatic infarction and abscess, and tumoral seeding occurred in some cases, along with uncomfortable symptoms such as fever and pain in many cases \[[@CR7], [@CR10], [@CR15]\]. Although RFA is also anticipated to be a less invasive modality, its efficacy has never been demonstrated in patients with severe cirrhosis \[[@CR29]\]. To our knowledge, there was no detailed report on radiation therapy for HCC patients with severe cirrhosis.

In the current study, proton beam therapy appeared to have achieved an improvement in survival for some HCC patients with severe cirrhosis due to excellent local control and reduced toxicity. The overall survival rates of 53% at 1 year and 42% at 2 years were better than those of natural course \[[@CR3], [@CR17], [@CR18]\]. Performance status and Child-Pugh score were significant prognostic factors for survival. In particular, five of six patients with Child-Pugh scores of 10 and 11 survived for \> 2 years after treatment. By contrast, eight of nine patients who died within 1 year after treatment had Child-Pugh scores of ≥ 12.

All but one patients (95%) had no growth of the irradiated tumor while the tumor sizes were ≥30 mm in all patients except one and ≥ 50 mm in six patients. The objective response rate was 90% in ten patients who survived for \> 1 year after treatment, and 33% in nine patients who died within 1 year after treatment. Usually, the tumor volume of HCC reduces gradually over several months, or occasionally over several years, on medical imaging after irradiation. All of the irradiated tumors of six NC patients tended to reduce in the final imaging studies. Since all NC patients died within 1 year after treatment, the intervals between completion of treatment and the last evaluation of treatment efficacy may have been insufficient to achieve an objective response. The dose of 50 Gy in ten fractions delivered to the one PD patient was the lowest among the present series. This irradiated dose may not have been sufficient for tumor control. Table 6Therapy-related acute toxicity according to the acute radiation morbidity scoring criteria (RTOG). GI: gastrointestinal.ToxicityGrade12Skin• Erythema51Upper GI tract• Appetite loss30Lower GI tract including pelvis• Diarrhea10

The severe or fatal toxicities which occurred in previous studies with other treatment modalities were not observed at all in this series.

Conclusion {#Sec13}
==========

Proton beam therapy for HCC patients with severe cirrhosis was tolerable. It may improve survival for the patients with relatively good general condition and liver function.
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